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In several plant virus families specific virus-encoded proteins have been identified that facilitate virus movement using various strategies (Carrington et al., 1996) . In the case of potyviruses, no movement protein per se has been identified ; the coat protein (CP) and the helper component-protease (HCPro) are both involved in virus movement (Dolja et al., 1995 ; Cronin et al., 1995 ; Carrington et al., 1996 ; Kasschau et al., 1997) .
The potyvirus CP has a conserved internal core, and both the N and C termini are located on the particle surface. The N terminus of the CP can be extremely variable in length and sequence (Shukla & Ward, 1989) . Previous studies have shown that a tripeptide sequence Asp-Ala-Gly (DAG) located near the N terminus of the CP is required for aphid transmission (Atreya et al., 1995) . This motif is highly conserved, but the context in which it is found varies considerably for different potyviruses.
During an investigation of the molecular mechanisms involved in aphid transmission of tobacco vein mottling potyvirus (TVMV), we found that mutants with substitutions of Lys or Arg for Asp in the DAG motif failed to cause detectable infection of tobacco plants (Atreya et al., 1995) . In the present study we further explored the characteristics of these defective mutants and extended our analyses to tobacco etch potyvirus (TEV).
The numbering systems for the TVMV and TEV genomes follow Domier et al. (1986) and Allison et al. (1986) , respectively. TVMV CP mutants were obtained by sitedirected mutagenesis (Kunkel et al., 1987) in a SalI-SpeI subclone (positions 7883 to 9251) of pXBS7, a genome-length cDNA clone (Domier et al., 1989) . After identification of clones with mutations, the fragments were replaced in the corresponding sites of pXBS7, as previously described (Atreya et al., 1995) .
The D5KjD9K mutation in TEV was engineered by PCR in a SalI-BglII subclone [pTEV-SB, positions 7165 to downstream of the poly(A) tail] of pTEV-7DA (Dolja et al., 1992) , a full-length TEV clone kindly provided by J. C. Carrington (Washington State University, USA). The strategy involved the creation of a new restriction site (Tao & Lee, 1994) , as described previously for the preparation of a non-aphidtransmissible mutant (Wang et al., 1996) . Plasmids containing mutations were identified and substituted back into the fulllength pTEV-7DA. The same mutation was also incorporated in a plasmid which contains the GUS reporter gene, pTEV7DA-G\H, described in Carrington et al. (1993) .
Transcripts were obtained for TVMV and TEV constructs using T7 RNA polymerase (Stratagene) and SP6 RNA polymerase (GIBCO-BRL) respectively, as indicated by suppliers.
Tobacco plants (cv. KY 14) were mechanically inoculated with transcripts and the appearance of symptoms recorded. To confirm the presence of mutations in the virus progeny, samples of infected plants were processed for total nucleic acids extraction, RT-PCR and direct sequencing of the amplified products. Mutants that failed to infect plants detectably were tested in protoplast experiments. Protoplasts were prepared from tobacco plants, cv. Xanthi, by the method of Otsuki et al. (1972) . In vitro electroporation and Western blot analysis by were done as described by Luciano et al. (1987) . Controls were electroporated with wildtype TVMV and transcripts of a replicase-defective TVMV mutant G2575A (Hong et al., 1995) or were mock-inoculated in the absence of transcripts. Replication was detected using anti-CP antibodies and quantified by scanning blots using ImageQuaNT software (Molecular Dynamics). The presence of virus particles in protoplast extracts was detected by electron microscopy after immunotrapping the particles on grids coated with antibodies to TVMV.
Nicotiana benthamiana plants and two TVMV CP-expressing tobacco lines, NNP2 and CP4, as well as a control line, IDK8, provided by A. G. Hunt (Department of Agronomy, University of Kentucky, USA), were inoculated with transcripts and tested for infection by indirect ELISA using antibodies to helper component protein. When infection was detected, extracts containing viral progeny were inoculated to nontransgenic KY 14 tobacco plants and reversions\variations were tested for by direct sequencing of amplified RT-PCR products.
Tobacco plants inoculated with TEV-GUS and the TEV-GUS-(D5KjD9K) mutant were used to visualize GUS activity in virus-inoculated leaves after vacuum infiltration of the colorimetric substrate X-gluc as described in Dolja et al. (1992) . Following a 16-18 h incubation period, leaves were decolorized with 10 % bleach to improve detection of the stained areas.
The inability of the TVMV CP D5K and D5R mutants to establish systemic infections (Atreya et al., 1995) was confirmed by direct mechanical inoculation of KY 14 tobacco plants with transcripts (Table 1) . When tobacco (Xanthi nc) protoplasts were electroporated with transcripts both the D5K and D5R mutants produced amounts of CP comparable to the control wild-type-derived transcripts, as determined by quantification of Western blots ; this indicated that both constructs replicated in protoplasts to levels similar to the wild-type virus. This contrasts with previous report (Atreya et al., 1995) in which we were unable to obtain infection, in limited attempts. We attribute the positive results to improved transcript quality and optimization of conditions. A representative blot is shown in Fig. 1 .
Virus particles were found in extracts of infected protoplasts (not shown), indicating normal encapsidation and particle formation for both mutants. Inoculation of tobacco plants with these mutant virus-containing protoplast extracts did not result in systemic infection, whereas extracts containing wildtype TVMV resulted in typical infections. Thus the particles formed during replication of the mutants in protoplasts retained the characteristic of the initial transcripts.
Inoculation of transgenic tobacco lines expressing wildtype TVMV CP with transcripts derived from the D5K and (Table 2 ). In several cases there was a change to Glu, Asp or Cys at the originally mutated position. This occurred by means of a single nucleotide change. The Glu and Asp mutations create previously tested motifs which were tolerated for movement (Atreya et al., 1995) . In other cases different alterations of the context occurred, such as the change from Lys to Glu at position 8 (Table 2 ). Since our analyses of the alterations were limited to this specific region of the genome, it could be argued that systemic movement might be due to mutations in other regions. To address this point we reproduced one of the most commonly found alterations. The mutant D5KjK8E was prepared with the double substitution of Lys for Asp at position 5 and Glu for Lys at position 8. The D5KjK8E mutant systemically infected tobacco plants without any phenotypic alteration relative to the wild-type virus, except for the loss of aphid transmissibility which was expected with these modifications (Atreya et al., 1995) . The behaviour of the D5KjK8E mutant showed that the change in position 8 was sufficient to somehow compensate for the movement deficiency of the D5K mutant.
Several strategies were used in an attempt to obtain TVMV infectious clones incorporating the reporter genes GUS and GFP to monitor virus movement but the clones either did not infect or produced delayed symptoms, by which time deletions of the inserted gene had occurred. Similar results were obtained in a previous study which used a different construction strategy (Atreya & Pirone, 1993) . We thus extended our study to TEV.
The ability of the TEV D5KjD9K CP mutant to establish systemic infections was evaluated by direct mechanical inoculation of transcripts on KY 14. Whereas other TEV CP mutants including the individual mutations D5K and D9K infected tobacco plants systemically (not shown), the double mutant D5KjD9K repeatedly failed to produce a systemic infection (Table 1) . Because the method used for mutagenesis included PCR reactions, the mutant was generated in three independent experiments to limit the possibility of undesired modifications during amplification. All three constructions resulted in transcripts unable to systemically infect tobacco plants.
pTEV-G\H and a construct incorporating the D5KjD9K CP mutation into the pTEV-G\H plasmid were compared for virus spread. GUS activity was detected in inoculated leaves 6 days p.i. Macroscopic visualization showed that only a few restricted foci were present in leaves inoculated with the D5KjD9K mutant, whereas TEV-GUS showed extensive spread affecting vascular tissues (Table 1 ).
In the course of studies on effects on aphid transmissibility some 30 mutations, including deletions and substitutions, have been constructed affecting several positions in or near the DAG motif of TVMV. Of these, only two, the ones used in this study, showed any adverse effect on systemic infectivity (Atreya et al., 1995 and authors' unpublished data) . Similarly, of 10 mutants prepared in this region of the TEV CP (authors' unpublished data), only the D5KjD9K mutant affected movement of that virus. In all cases the substitutions involved positively charged amino acids, specifically for the conserved Asp in the DAG motifs.
The TVMV D5K and D5R mutants are able to replicate to wild-type levels and to form virions in tobacco protoplasts. Thus cell-to-cell movement appears to be impeded, although the point at which this occurs could not be determined. The TEV D5KjD9K mutant is capable of limited movement and we did not attempt to determine the tissue or cell type at which movement stops. In both cases restricted movement could be due to inability to enter vascular cells or to a reduced rate of cell-to-cell movement that allows plant defence mechanisms to halt spread.
We were unable to recover the originally inoculated TVMV CP sequence from infected CP transgenic plants. In this case restoration of the movement function is not the result of recombination, since none of the variants that were recovered from systemically infected leaves had the wild-type sequence encoded by the transgene. The fact that variants do arise indicates that a sufficient number of replication cycles have taken place for mutations to occur spontaneously ; these are selected because of their ability to overcome the movement block and are the ones that we find in the viral progeny. The complementation of functions by the transgenic wild-type CP could provide a better environment for replication and\or limited movement and thus allow more replication cycles and more chances for a variant to emerge. The delay in symptom appearance in N. benthamiana suggests a similar explanation. Interestingly, in two cases, direct sequencing of the viral progeny from systemically infected N. benthamiana indicated the marginal presence of the initial sequence coexisting with the new variant. This might be expected in the case of a very recent variant, considering the quasispecies structure of these viruses.
The broad variability observed in the N-terminal region of the CP of potyviruses (Shukla & Ward, 1989) could represent a way for the virus to interact with specific host factors for movement and perhaps other functions in the virus life-cycle. Changes at some amino acid positions in this region might be tolerated but changes at other positions may have deleterious effects. In the present case our mutations have identified one of the positions where the presence of an inappropriate charge residue completely alters the virus capacity for systemic movement. These charge changes presumably alter the ability of the CP to interact with other component(s) of a movement complex. Whether this is due to a structural modification of the N terminus or to the loss of a particular net charge needed for the putative interaction remains to be determined. In the case of TEV the effect of the substitution of the two lysine residues on systemic movement was similar to that reported by Dolja et al. (1994) when amino acids 5 to 29, which include those mutated in this study, were deleted. Their results could be explained either on the basis of a requirement of this domain for movement or to the effect of its deletion on the net charge at the newly created N terminus.
